A microfabricated gas chromatograph (μGC) is described and its application to the analysis of sub-parts-per-billion (ppb) concentrations of trichloroethylene (TCE) in mixtures, relevant to the problem of TCE vapor intrusion (VI) into homes and offices, is demonstrated. The system employs a MEMS focuser, dual MEMS separation columns, and MEMS interconnects along with a microsensor array. These are interfaced to a (non-MEMS) front-end pre-trap and high-volume sampler module to reduce analysis time. The response patterns generated from the sensor array for each vapor are combined with the chromatographic retention time to identify and differentiate the components of VOC mixtures. All functions are controlled by a LabView routine written in house. A chemometric method based on multivariate curve resolution has also been developed for analyzing partially resolved mixture components. First results are presented of the capture, separation, recognition, and quantification of TCE in a mixture. TCE is measured at 0.185 ppb, with a projected detection limit of 0.030 ppb (20-L sample).
Introduction
The measurement of volatile organic compounds (VOC) in complex mixtures is critical to numerous public health efforts. Current VOC monitoring instrumentation is too large and expensive for routine implementation in many such applications. While stand-alone microsensor arrays (so-called electronic noses) can be used for the determination of individual VOCs in simple mixtures [1] , reliable quantitative analysis of complex gas/vapor mixtures with microsensor arrays demands chromatographic separation prior to measurement. Several reports have appeared over the past decade on microfabricated gas chromatographic (μGC) separation columns coupled with one or more sampling, pretreatment and/or detection devices. However, reports on fully integrated μGC systems that incorporate microfabricated sampling/preconcentration, separation, and detection devices are relatively rare [2] [3] [4] [5] [6] . Vapor intrusion (VI) refers to VOC infiltration into buildings overlying contaminated soil or groundwater. VI is an emerging problem in the U. S., affecting thousands of civilian and military locations [7] . TCE is a common contaminant at VI-impacted sites, where indoor concentrations in the low-parts-per-billion (ppb) to mid-parts-pertrillion (ppt) range are common.
We are developing a fieldable prototype μGC ( Fig. 1 ) for analyzing TCE from VI in near-real-time in the presence of common background VOCs. Performance goals include a limit of detection (LOD) of < 100 ppt of TCE, discrimination from typical indoor VOCs, and an analytical cycle time of < 30 minutes. This microsystem builds on previous work in our group on earlier prototypes [2, 3, 6, 8] . The key components (Fig. 1) are an adsorbentpacked DRIE-Si/glass single-stage focuser (μF), dual 3-meter DRIE-Si/glass microcolumns and a chemiresistor (CR) sensor array incorporating thiolate-monolayer-protected gold nanoparticle (MPNs) films as sensing materials on interdigital electrodes. To reduce analytical cycle times, a front-end high-volume sampler (non-MEMS) was added. In addition, a pre-trap (non-MEMS) was added to remove low volatility interferences.
First, air samples are passed through the pre-trap and collected on the high-volume sampler at a flow rate of ~1 L/min. Then, VOCs captured on the sampler are thermally desorbed onto the μF at a low flow rate. Third, the μF is rapidly heated to inject the VOC mixture onto the first of two microcolumns for separation and detection of eluting peaks by the sensors in the CR array. Finally, the identification and quantification of each VOC is performed by combining retention time with array response patterns in chemometric analyses.
Methods
The key components of the SPIRON μGC are presented in the field prototype shown in Fig. 1 . The single-stage μF (9.76 × 4.18 × 0.6 mm) and is fabricated from Si; deep-reactive-ion-etching (DRIE) is used to form a 3.2 mm × 3.45 mm cavity, and to define inlet and outlet ports as well as an additional port for adsorbent filling. The device is capped with an anodically bonded Pyrex plate. A Ti/Pt RTD was evaporated onto the backside along with Cr/Au contacts for bulk heating. Carbopack X (~2 mg) was sieved and loaded into the μF; DRIE pillars retain the adsorbent within the cavity. Fused silica capillaries are used for fluidic interconnections.
Microcolumn fabrication and stationary-phase deposition methods have been described [9] . Rectangular channels, 150 μm × 240 μm, are formed in Si by DRIE and sealed by an anodically bonded Pyrex cover. The 3-mlong microcolumns have a 3-cm 3-cm footprint, and each was coated with PDMS and crosslinked in situ (film thickness = 0.15 μm). The microcolumns can be independently temperature-programmed by integrated heaters using a pulse-width-modulation (PWM) method with a proportional-integral-derivative (PID) algorithm. 
• The chemiresistor (CR) array consists of 8 Au/Cr interdigital electrodes (IDEs) in a 4x2 layout on a thermalSiO 2 /Si substrate. Each IDE had 24 finger pairs (5 μm widths/spaces, 500 m length). A Macor lid with inlet/outlet capillaries is used to create a detector cell (~3 μL). A thermo-electric cooler is contacted to the underside of the substrate to thermostat the array at 20 °C. Thiols used to create the MPNs coated on each sensor include noctanethiol (C8), 1-mercapto-6-phenoxyhexane (OPH), methyl 6-mercaptohexanoate (HME), and 4-mercaptodiphenylacetylene (DPA). In general, two sensors are coated with each type of MPN for redundancy.
The individual microfabricated components are mounted and wire-bonded on discrete carrier PCBs and then mounted in patterned openings cut in the main fluidic PCB. Two miniature pumps (KNF Neuburger, Trenton, NJ) and six micro-solenoid valves (Lee Co., Westbrook, CT) are used, with the valves integrated on a stainless steel manifold. Fused silica capillaries provide fluidic interconnections. The pre-trap is a thin-wall stainless-steel tube packed with 50 mg of Carbopack B and the high-volume sampler is a similar tube packed with 100 mg of Carbopack X. Microsystem functions are executed automatically via laptop computer (with DAQ and digital I/O cards) with user-defined timing and temperature-profile routines written in LabView.
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Results and Discussion
As shown in the Fig. 2(a) , TCE is easily separated from 9 critical (i.e., similarly volatile) interferences in < 1 min and the entire mixture elutes in ~2 mins, by use of the independently temperature-programmed microcolumns. For this test, the F was loaded by a low-volume injection of a vapor mixture containing ~100 ng of all 10 components in N 2 passed through the F at a flow rate similar to that used to transfer from high-volume sampler. The mixture was then injected by the F (200 o C in 0.4 sec) onto the dual 3-m microcolumn ensemble. All 10 vapors are detected and the CR array response patterns differ among all of the vapors. Note that the TCE response pattern is similar to that of toluene, but they are well separated chromatographically. Thus, TCE (and other analytes) can be identified by considering chromatographic retention times and array response patterns. Fig. 3 shows a representative single-sensor calibration curve for TCE obtained by sampling test atmospheres generated in Tedlar bags with the high-volume sampler, transferring the vapor to the F at ~20 mL/min, and injecting as described above. TCE concentrations ranging from 0.185-11 ppb were used, with sample volumes varied (2-20 L) to span a range of captured masses. As shown, responses (peak areas) vary linearly with injected mass from 20-430 ng (corresponding to 4-80 ppb-L). The projected LOD is 0.029 ppb (29 ppt) for a 20-L sample.
Sensor-array detectors permit the use of multivariate curve resolution (MCR) to detect hidden peaks in a chromatogram and to resolve overlapped peaks. In a previous report [10] , we described an MCR algorithm that combines evolving factor analysis with adaptive least squares, and used simulated data to illustrate its performance with an MPN-coated CR array used as a GC detector. In an attempt to applying this technique to experimental data, we chose TCE and n-heptane (possible interference, not included in Fig. 2 test set) as two possibly co-eluting compounds. Response patterns for heptane and TCE were generated and the chromatographic resolution, R (degree of overlap), was varied by simulation (using Matlab) from R = 0.25 (nearly complete overlap) to R = 1.0 (nearly completely resolved). Patterns were recovered with high fidelity (correlation coefficients 0.98) for all R values. 
Conclusions
First results from a prototype MEMs micro gas chromatograph (μGC) adapted for the determination of TCE at low-/sub-ppb concentrations in homes and offices suffering from vapor intrusion have been presented. Front-end pre-trap and high-volume sampler devices (non-MEMS) have been incorporated to reduced analysis time and facilitate achieving desired LODs. Efficient capture, transfer, and microfocuser-injection of TCE at sub-ppb concentrations have been confirmed experimentally. TCE was separated from a subset of anticipated interferences in < 1 minute (entire mixture analyzed in ~ 2 min). Response patterns from the CR array, when combined with retention time and treated with a newly developed MCR technique (as necessary), confirm the identities of multiple vapors, including TCE. Calibrations curves are linear and the projected TCE LOD is 29 ppt (20-L sample). A field prototype has been constructed and is to be deployed in VI-impacted homes in the near future.
